Background: Stroke is a leading cause of morbidity and mortality in the United States and occurs in the perioperative period. The authors studied the incidence, predictors, and outcomes of perioperative stroke using the American College of Surgeons National Surgical Quality Improvement Program. Methods: Data on 523,059 noncardiac, nonneurologic patients in the American College of Surgeons National Surgical Quality Improvement Program database were analyzed for the current study. The incidence of perioperative stroke was identified. Logistic regression was applied to a derivation cohort of 350,031 patients to generate independent predictors of stroke and develop a risk model. The risk model was subsequently applied to a validation cohort of 173,028 patients. The role of perioperative stroke in 30-day mortality was also assessed. Results: The incidence of perioperative stroke in both the derivation and validation cohorts was 0.1%. Multivariate analysis revealed the following independent predictors of stroke in the derivation cohort: age Ն62 yr, history of myo-
cardial infarction within 6 months before surgery, acute renal failure, history of stroke, dialysis, hypertension, history of transient ischemic attack, chronic obstructive pulmonary disease, current tobacco use, and body mass index 35-40 kg/m 2 (protective). These risk factors were confirmed in the validation cohort. Surgical procedure also influenced the incidence of stroke. Perioperative stroke was associated with an 8-fold increase in perioperative mortality within 30 days (95% CI, 4.6 -12.6). Conclusions: Noncardiac, nonneurologic surgery carries a risk of perioperative stroke, which is associated with higher mortality. The models developed in this study may be informative for clinicians and patients regarding risk and prevention of this complication.
S
TROKE is a leading cause of morbidity and mortality in the United States and is known to occur in the perioperative period. 1 Perioperative stroke is primarily associated with major cardiovascular procedures 2 but has also been reported after general surgery. 3, 4 A recent study of acute ischemic stroke in the noncardiovascular population using an administrative database found an incidence of 0.7% after hemicolectomy, 0.2% after hip replacement, and 0.6% after lobectomy or segmental lung resection. 5 In the population 65 yr and older, the incidence rose to 1.0%, 0.3%, and 0.8%, respectively. Importantly, perioperative stroke was associated with increased mortality.
Risk factors for perioperative stroke include renal disease, atrial fibrillation, valvular disease, congestive heart failure, hypertension, carotid disease, history of tobacco use, and history of stroke. [3] [4] [5] [6] [7] [8] However, the assessment of risk factors for perioperative stroke has been restricted to case series, 9, 10 case-control studies, 1, 11 or large retrospective studies, 7 including those using administrative data. 5 Prospective studies have been limited because of the low incidence of the event in the noncardiovascular, nonneurosurgical population. 12 Thus, the objective of the current study was to assess the incidence and predictors of perioperative stroke and its role in mortality in a broad range of noncardiac, nonneurosurgical cases using a large, prospectively gathered clinical data set derived from the American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP).
Materials and Methods

General ACS NSQIP Methodology
Institutional Review Board approval (University of Michigan, Ann Arbor) was obtained for the analysis of these prospectively collected data, which are deidentified and publicly available. The ACS NSQIP methodology has been described elsewhere 13 and is summarized here. Operations requiring general, epidural, or spinal anesthesia are prospectively divided into 8-day cycles. At most institutions, the first 40 general surgery and vascular surgery operations within each 8-day cycle are included. At some ACS NSQIP institutions, additional cases outside of the general and vascular population may be analyzed. Procedures performed by cardiac, neurosurgery, orthopedic, urology, otolaryngology, plastics, thoracic, and gynecology services are a minority of the overall patient enrollment at these institutions.
For each operation, a trained surgical clinical reviewer, typically a registered nurse, prospectively collects preoperative patient demographics, preoperative comorbidities, operative information, selected intraoperative elements, laboratory values, and postoperative adverse events occurring as long as 30 days after the operation. Approximately 135 variables are collected for each enrolled patient. Surgical clinical reviewers complete standardized and detailed training regarding the definitions of study variables and must pass a written test with 90% accuracy to be approved as participants in ACS NSQIP. Regular conference calls, annual meetings, and site visits are used to maintain data reliability. Interrater reliability audits are performed in the first year of a site's participation and every other year afterward, with additional audits performed if a site fails an audit. The audit process consists of a manual review of 12-15 ACS NSQIP records at each site. A site visitor from the central ACS NSQIP offices reviews approximately 106 variables for each of these records and abstracts the data per ACS NSQIP definitions. Disagreements between the visitor abstracted data and the site's submitted data are identified. In 2008, the overall disagreement rate for the 140,132 variables audited was 1.36%. 14 The ACS NSQIP participant use data file is a compilation of operations from 250 participating U.S. medical centers for the 4-yr period [2005] [2006] [2007] [2008] . It contains data from 211 nonVeterans Administration hospitals in the private sector and includes data from academic medical centers, large nonteaching hospitals, and community hospitals. § To maintain institutional, provider, and patient anonymity, no site-or region-specific data elements are included in the participant use data file. Sites with interrater reliability audit scores demonstrating Ն5% disagreement are excluded from the ACS NSQIP participant use data file.
ACS NSQIP Study Population and Variables Analyzed
Inclusion and Exclusion Criteria. General surgery, orthopedics, urology, otolaryngology, plastics, thoracic, minor vascular, and gynecology cases were included in this study as representative of being at low risk for perioperative stroke; cardiac, major vascular, and neurosurgical procedures were excluded as high risk. We also excluded patients who had disseminated cancer, a body mass index (BMI) less than 18.5 kg/m 2 , or a documented 10% weight loss because this population represents high risk for stroke (due to hypercoagulability), brain metastasis with hemorrhage, and mortality. Outcomes. Postoperative stroke and 30-day mortality were analyzed as the primary and secondary outcomes of interest, respectively. "Postoperative stroke" is defined by ACS NSQIP as an embolic, thrombotic, or hemorrhagic cerebrovascular event with patient motor, sensory, or cognitive dysfunction that persists for 24 h or more and occurs within 30 days of an operation. Thirty-day mortality can be from any mechanism of death, and the cause of death is not reported. Patient Variables. Basic demographic data were analyzed, including age, sex, race, BMI, and American Society of Anesthesiologists physical classification status. Patient characteristics included diabetes mellitus (oral or insulin therapy), current tobacco use, history of chronic obstructive pulmonary disease requiring chronic bronchodilator therapy, congestive heart failure within 30 days before surgery, history of myocardial infarction within 6 months before surgery, hypertension requiring medication, acute renal failure, dialysis dependence, history of transient ischemic attack, and history of stroke. For history of stroke, we collapsed the ACS NSQIP categories "cerebrovascular accident with neurologic deficit" and "cerebrovascular accident without neurologic deficit" into a single category for the purpose of analysis. The "neurologic deficit" is defined by ACS NSQIP as "persistent residual motor, sensory, or cognitive dysfunction."
Statistical Analysis
Statistical analysis was performed using PASW Statistics 18 (SPSS Inc., Chicago, IL). Patients meeting the inclusion criteria were randomly assigned to a derivation cohort (67%) or validation cohort (33%). The derivation cohort was used to develop a nonparsimonious logistic regression model and risk index classification system for predicting postoperative stroke. The validation cohort was used to assess the validity of the model. Descriptive statistics were performed on all categoric and continuous data elements using either Pearson chisquare or Student's t test when appropriate to determine associations with postoperative stroke.
Collinearity diagnostics and Pearson correlations were evaluated for all preoperative variables in the derivation cohort. To facilitate the use of continuous variables in a risk index classification system, age was transformed into a dichotomous variable. This was achieved by identifying the maximum sensitivity plus specificity using a receiver operating characteristic (ROC) curve. The continuous variable BMI was separated into categories based on definitions of normal weight (BMI 18.5-24.9 kg/m . White race was compared with Hispanic, black, American Indian or Alaska Native, and Asian or Pacific Islander. Diabetes oral therapy and diabetes insulin therapy were compared with "no diabetes." All variables were entered into a nonparsimonious (full model fit) logistic regression model to identify significant independent predictors of perioperative stroke in the derivation cohort. Patients with missing data (primarily racial demographics) were excluded from the regression. Variables with P values less than 0.05 were considered independent predictors.
The derivation model's predictive value was evaluated using ROC area under the curve (AUC). 15 Effect size for each independent predictor was evaluated using the adjusted odds ratio. We further validated the model using the bootstrap method (R statistical package, version 2.12; Bell Laboratories, Murray Hill, NJ). This method estimates a correction for overfitting in the model to derive estimates of predictive accuracy if applied to a comparable patient population. 16 Somers' Dxy estimates the difference in the probability of concordance and discordance between predicted and observed outcomes for all possible pairs of patients. 16, 17 One hundred random samples with replacement were used and tested against the original sample.
For the unweighted risk score, a patient received one point for each independent risk factor identified by logistic regression; because of the protective effect identified for BMI 35.0 -40.0 kg/m 2 , patients received Ϫ1 point if they fell into that BMI category. In addition, a weighted risk score was developed based on the ␤ coefficient in the nonparsimonious logistic regression model. To calculate the weighted score for each independent predictor, the ␤ coefficient was divided by the smallest ␤ coefficient of the independent predictors, multiplied by 2, and rounded to the nearest integer. The unweighted and weighted risk scores for the derivation cohort were compared using ROC AUC. If the ROC AUC of the unweighted and weighted risk scores overlapped in their 95% CI, the unweighted score was used for risk classification. We deemed this to be more clinically useful because the anesthesia provider would not need to recall the actual weighted value of each individual risk factor, only the overall number of risk factors. Thus, we chose the unweighted risk score to develop a risk index classification system. Finally, to assess whether the occurrence of a postoperative stroke was associated with an increase in 30-day, allcause mortality, we developed a risk-matched patient cohort for analysis. To minimize the effect of confounding preoperative comorbidities that increase the risk of not only 30-day mortality but also the primary outcome of stroke, we used the perioperative stroke propensity score from the nonparsimonious logistic regression model. The propensity score for each patient in the derivation cohort was the predicted probability (0 -1) of experiencing the primary outcome, a perioperative stroke. Patients with a perioperative stroke were matched with patients who did not have a perioperative stroke using a three-digit propensity score that was created using the nonparsimonious logistic regression model. For each patient with a postoperative stoke, a patient with a matching three-digit propensity score was randomly selected from the nonstroke group. The quality of matching was evaluated with univariate analysis. After the matching, we assessed the association between perioperative stroke and 30-day, all-cause mortality using a Pearson chi-square test. The effect size is reported as odds ratio and 95% CI.
Results
Incidence of Perioperative Stroke
A total of 635,265 patients were in the ACS NSQIP database; 523,059 patients were in the noncardiac, nonmajorvascular, and nonneurologic low-risk surgical cohort for this study. The most common surgeries performed in this population and the associated incidence of stroke are shown in table 1. Patients within this low-risk population were randomly allocated to a derivation cohort of 350,031 patients and a validation cohort of 173,028 patients. The incidence of perioperative stroke in the derivation cohort was 485 of 350,031 or 0.1%. Table 2 demonstrates demographics and univariate associations with perioperative stroke in the lowrisk derivation cohort. The incidence of stroke in the validation cohort was 229 of 173,028 or 0.1%.
Independent Predictors of Postoperative Stroke and Risk Score
Collinearity diagnostics did not demonstrate a condition index above 30, so no bivariate correlation matrix was needed. Thus, all variables in table 2, except American Society of Anesthesiologists classification, were entered into the nonparsimonious logistic regression model with perioperative stroke as the dependent dichotomous variable. Age was dichotomized into Ն62 yr based on the determination of maximum sensitivity and specificity. The derivation cohort logistic regression model included 309,512 (88.4%) of the patients and demonstrated the following independent predictors of perioperative stroke (P Ͻ 0.05): age Ն62 yr, myocardial infarction within 6 months of surgery, preoperative acute renal failure, history of stroke (per the previously stated definition), preoperative dialysis, hypertension requiring medication, history of transient ischemic attack, severe chronic obstructive pulmonary disease, current smoker, and BMI 35.0 -40.0 kg/m 2 (protective) ( fig. 1, table 3 ). The missing data elements were mainly due to missing races documented in this national deidentified data set. The HosmerLemeshow test demonstrated a chi-square of 11.831 with eight degrees of freedom and P ϭ 0.159. The ROC AUC was 0.82 Ϯ 0.01. Somers' Dxy in the original sample was 0.64. The bootstrap Dxy was 0.65 for the training sample and 0.63 for the test sample, which indicates very good validation. The unweighted and weighted risk scores were based on the 10 independent predictors. The unweighted risk scores demonstrated a ROC AUC of 0.80 Ϯ 0.01 for the derivation cohort and 0.78 Ϯ 0.02 for the validation cohort. The weighted risk score for the derivation cohort ROC AUC was 0.81 Ϯ 0.01 and 0.80 Ϯ 0.02 for the validation cohort. Because the 95% CIs overlapped for the unweighted and weighted derivation cohorts, we chose to use the unweighted risk scores to build a risk index classification system. The risk index classes are as follows: low risk, two or fewer risk factors; medium risk, three to four risk factors; and high risk, five or more risk factors. Risk classes were chosen based on increasing incidence and odds ratio of perioperative stroke (table 4) .
30-day Mortality Analysis: Matched Cohort
Four hundred fifty-five perioperative stroke patients were matched in a one-to-one ratio to nonperioperative stroke patients based on the previously derived propensity score. The matched cohort revealed no significant associations in the univariate analysis of the preoperative predictors of stroke (table  5) . However, univariate analysis demonstrated that perioperative stroke was associated with an 8-fold increase in perioperative mortality within 30 days (95% CI, 4.6 -12.6). The absolute risk increase of mortality after stroke was 21% in the comorbiditymatched cohort and 24% in the derivation cohort. 
Discussion
Using a prospectively gathered clinical data set, we have identified the incidence and risk factors of perioperative stroke after noncardiac, nonmajor-vascular, and nonneurologic surgery. A recent study of perioperative stroke found an incidence of perioperative stroke of 0.7% after hemicolectomy, 0.2% after hip replacement, and 0.6% after lobectomy or segmental lung resection, which increased to 1.0%, 0.3%, and 0.8%, respectively, in the population aged Ն65 yr. 5 By contrast, our overall incidence in the broad range of more than 500,000 cases in the derivation and validation cohorts was 0.1%. One interpretation is that the three surgeries studied in the Bateman et al. analysis 5 actually had a significantly higher incidence than did the overall population in the Nationwide Inpatient Sample. Our data confirm a higher incidence in patients undergoing these three surgeries than in the overall population and demonstrate that different procedures are associated with different risks. Another possibility is that the Nationwide Inpatient Sample overestimates the incidence of stroke because of coding issues such as misclassification. A third is that institutions included in the ACS NSQIP deliver a different level of perioperative care than do those in the Nationwide Inpatient Sample. Finally, definitions or diagnostic criteria of stroke may differ in the two populations.
A number of specific risk factors identified in Bateman et al. that were validated by the current study include older age, * Each variable was compared against the rest of the cohort for race and body mass index grouping using Pearson chi-square. ASA ϭ American Society of Anesthesiologists physical status; BMI ϭ body mass index. Fig. 1 . Independent predictors of perioperative stroke in the noncardiac, nonneurologic surgical population. Risk factors were identified using logistic regression in a derivation cohort and subsequently validated in an independent cohort. BMI ϭ body mass index; COPD ϭ chronic obstructive pulmonary disease; MI ϭ myocardial infarction; TIA ϭ transient ischemic attack.
history of stroke, and renal disease. 5 Our model further identified myocardial infarction within 6 months of surgery, hypertension, history of transient ischemic attack, history of severe chronic obstructive pulmonary disease, current tobacco use, and a protective effect of BMI 35-40 kg/m 2 as independent predictors. Arrhythmias such as atrial fibrillation and valvular disease are not included as ACS NSQIP variables and thus could not be studied. It is of interest to note that BMI 35-40 kg/m 2 appeared to have a slightly protective effect against perioperative stroke, which is not consistent with recent findings in a nonsurgical community population demonstrating that obesity is a risk factor for ischemic stroke independent of race or sex. 18 However, higher BMI has been found to be protective against stroke-associated mortality in older, but not younger, stroke victims. 19 The current investigation builds upon past studies by developing a risk index based on the independent predictors identified. Such an index can be used by clinicians to enhance vigilance for stroke in the perioperative period, serve as a source of information for patients or their families regarding stroke risk, and aid in the selection of patients for prospective studies of perioperative stroke. However, we are still limited by an incomplete understanding of the etiology of perioperative stroke, especially in the noncardiac population, in which emboli from cardiopulmonary bypass pumps and manipulations of the heart or great vessels are uncommon. 8 Data from the recent POISE Trial 20 and older studies 9, 21 suggest that perioperative hypotension may be a mechanism for stroke in patients undergoing noncardiac surgery; however, the role of blood pressure in perioperative stroke has not been prospectively studied. Discontinuation of anticoagulation has also been attributed to perioperative stroke, 22 but the management of anticoagulation and antiplatelet regimens in patients at high risk for stroke has not yet been clarified. Additional progress in the prevention of stroke will depend on identifying modifiable risk factors in the perioperative period. This is especially crucial given the mortality associated with perioperative stroke and the risk of hemorrhage with thrombolytic therapy in a patient after surgery.
Strengths of this study based on the ACS NSQIP database include large numbers of cases, diverse cases, diverse patient population, clinical rather than administrative data source, and prospective data gathering. As such, the incidence of 0.1% identified in both the derivation and validation cohort of this study may be more representative than the incidence obtained from studies of administrative data sources. There are several limitations to the current analysis. First, the observational nature of the data does not allow additional detailed data collection for patients exhibiting the primary outcome. As a result, some data elements necessary to address important questions, such as the contribution of hypotension, arrhythmias, or the use of ␤-adrenergic blockers, 20, 23, 24 regarding perioperative stroke are unavailable. Additional work is required to identify intraoperative risk factors for perioperative stroke. Finally, although the data definitions are clinically relevant and rigorously followed, they could not be modified for the purposes of this study. In conclusion, we have identified a 0.1% risk of perioperative stroke after noncardiac, nonmajor-vascular, and nonneurologic surgery using a large, prospectively gathered, clinical data set in a broad surgical population. The risk index for perioperative stroke developed in this study may be beneficial in both the clinical and investigative domain.
